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The frequency of seasonal and short-term hypoxia is increasing in coastal seas. How such repeated 24 
disturbances affect key species that have important roles for ecosystem processes and functions 25 
remains, however, unknown. By performing a field experiment we explored if the bivalve Macoma 26 
balthica can cope with short-term, recurring hypoxic stress, and investigated how hypoxia affects 27 
the condition of surviving bivalves. By combining data on different levels of biological 28 
organization, i.e., on physiology (biomarker response), behaviour and demography, we identified 29 
stress responses before the population declined. One pulse of hypoxic disturbance (3 days) resulted 30 
in behavioural alterations, as adult M. balthica extended their siphons, emerged towards the 31 
sediment surface and expressed decreased reburial rates. However, the demographic structure of the 32 
population remained unaltered. Several pulses of recurring hypoxic stress resulted in physiological 33 
response with changes in glutathione reductase and acetylcholinesterase enzyme activities. The 34 
recurring hypoxic disturbance was observed to affect juvenile bivalves before adults, while pro-35 
longed hypoxia reduced the entire bivalve population. Our results clearly show that hypoxic stress 36 
changes the behaviour and physiology of M. balthica before demographic changes occur, which is 37 
likely to have severe implications for the contribution of this key species to ecosystem functioning. 38 
That a combination of measures at different levels of organization can detect disturbances at an 39 
early stage suggests that such an approach would be useful for assessing the effects of disturbances 40 
on marine ecosystems that are increasingly affected by anthropogenic change.    41 
 42 
Highlights 43 
 recurring hypoxia induces stress responses at multiple levels in Macoma balthica 44 
 behavioural and physiological change precede alterations in size structure  45 
 antioxidant defence system of M. balthica is activated by hypoxic stress 46 
 juveniles are more sensitive than adults towards recurring hypoxia 47 
 combination of measures at different levels detect disturbances at an early stage 48 
 49 





1. Introduction 51 
The Baltic clam, Macoma balthica (L.), plays a key role in ecosystem processes in the northern 52 
Baltic Sea, where no other species can fully replace its important functions (Norkko et al. 2013). 53 
This facultative deposit- and suspension-feeder constitutes an important link in the benthic food 54 
web, serving as a prey organism for benthivorous fish (e.g., flatfish Platichthys flesus and gobies 55 
Pomatoschistus spp.) and invertebrate predators (Saduria entomon and Crangon crangon; Aarnio 56 
and Bonsdorff 1993, Bonsdorff et al. 1995). Furthermore, as a biodiffuser it reworks and irrigates 57 
the sediment, hence contributing to essential ecosystem functions such as organic matter 58 
mineralization, sediment oxygenation and nutrient recycling (Michaud et al. 2005, 2006, 59 
Volkenborn et al. 2012, Norkko et al. 2013). Through its activities, M. balthica also acts as a 60 
facilitator, stimulating the growth of microorganisms and diatoms in surface and subsurface 61 
sediment layers (Reise 1983). The species has a wide geographic distribution throughout temperate 62 
and arctic coastal waters in the northern hemisphere (Caddy 1967, Gilbert 1973). It tolerates a wide 63 
range of physical conditions due to genetic adaptation and hybridization (Hummel et al. 1995, 1997, 64 
Nikula et al. 2008). In terms of abundance and biomass, it is often the dominating species of benthic 65 
communities in the brackish Baltic Sea until its salinity limit is reached (ca 3; Nikula et al. 2008). In 66 
this shallow sea, M. balthica occurs on soft bottoms from 3 to 200 m depth (Segerstråle 1965). 67 
However, its contributions to ecosystem functions in this sea area is increasingly threatened by the 68 
occurrence of bottom-water hypoxia. 69 
Hypoxia (O2 < 2 ml l-1) is an important factor structuring the benthic communities in both open 70 
and coastal areas of the Baltic Sea (Karlson et al. 2002, Carstensen 2014, Gammal et al. 2017). 71 
Hypoxia is often the result of eutrophication, i.e., excess anthropogenic input of nutrients and 72 
organic matter, but it is also exacerbated by physical factors such as vertical stratification of the 73 
water column caused by haloclines or thermoclines which are most pronounced during summer 74 
time. Alarmingly, the frequency of seasonal and short-term hypoxic events has been reported to 75 
increase in coastal areas of the Baltic Sea (Conley et al. 2011). Sediment-dwelling bivalves are 76 
quite resistant to hypoxia, and are often the last ones to disappear as hypoxia strikes (Vaquer-77 
Sunyer & Duarte 2008). Adult M. balthica are known to withstand hypoxia for several weeks of 78 
experimental exposure (Jahn and Theede 1997, Modig and Ólafsson, 1998, Long et al. 2008) and 79 
from days to week(s) in nature (Norkko and Bonsdorff 1996a, Villnäs et al. 2012). Still, there is 80 
limited information regarding the tolerance of juvenile M. balthica towards hypoxic stress, but 81 
results of Jansson et al. (2015) indicate that they have a capability to survive hypoxia in 82 





stages) of M. balthica can rapidly colonize disturbed patches and thus be vital for community 84 
recovery after hypoxic disturbance cease (Valanko et al. 2010). On the other hand, if hypoxia 85 
eliminates the adult individuals, their limited mobility and long generation time (commonly 5-10 86 
years, but even up to 30 years; Segerstråle 1960, Gilbert 1973) will prevent development of viable 87 
populations (Norkko et al. 2013). In places exposed to frequent hypoxic disturbance there is a risk 88 
that M. balthica becomes functionally extinct as the bivalves might never reach a full adult size and 89 
be able to contribute to essential ecosystem functions (Norkko et al. 2013).  90 
It remains unknown whether M. balthica has a potential to adapt to short-term recurring hypoxic 91 
stress, and how hypoxia affects the condition of the surviving bivalves. When exposed to oxygen 92 
deficiency, bivalves can change their physiology and conserve energy through a slowdown of 93 
metabolic rates and through growth reduction. Behavioural changes can be seen as stretched-out 94 
siphons, reduced burrowing depths, or movement from burrows onto the sediment surface (Villnäs 95 
et al. 2012). However, such physiological and behavioural changes are preceded by responses at the 96 
molecular level and altered gene expression (e.g. Wu 2002, Sussarellu et al. 2012, Yusseppone et al. 97 
2018). Changes in oxygen levels lead to a generation of reactive oxygen species (ROS) and animals 98 
exposed to repeated hypoxic disturbance must cope with the phenomenon called oxidative stress 99 
(Welker et al. 2013), which can have also many other inducing factors, including exposure to 100 
various contaminants (Livingstone 2001). Induction of oxidative stress as a response to limited 101 
oxygen availability has been reported in various organisms (Hermes-Lima and Zenteno-Savín 2002, 102 
Zenteno-Savín et al. 2006, Lushchak 2011). When the amount of ROS exceeds the antioxidant 103 
buffering capacity of an organism, damage to major biomolecules occurs (proteins, lipids and DNA; 104 
Gorokhova et al. 2013, Welker et al. 2013).   105 
To evaluate the health of a population or a community it is useful to combine data on disturbance 106 
effects at different levels of biological organization (Broeg and Lehtonen 2006). Indeed, by 107 
examining disturbance effects on physiology, behaviour and demography, stress responses can be 108 
detected prior to population declines. Biomarkers are quantitative measures of changes in an 109 
organism on a cellular, biochemical, molecular or physiological level that respond to contaminants 110 
with harmful biological effects, but also to changes in metabolism and variations in the environment 111 
(Lam and Gray 2003, Barda et al. 2014). As biomarkers can detect disturbance effects at the 112 
biochemical level they may provide an early warning signal of deleterious changes in the 113 
organisms’ health. Still, biomarkers have rarely been used to complement measures of population 114 
behaviour and structure (e.g., abundance, biomass, demography) in field experiments assessing the 115 





By performing a manipulative field experiment, this study explores how recurring disturbance, in 117 
form of bottom water hypoxia, affects the condition of M. balthica as measured by different 118 
biomarkers, changes in behaviour, and survival. We hypothesize that increasingly recurring hypoxia 119 
will gradually increase the stress response of M. balthica, and that the stress response can be 120 
detected at the biochemical level before changes are observed in individual behaviour and at the 121 
population level. 122 
 123 
2. Material and methods 124 
 125 
2.1 Physical characteristics of the experimental site 126 
The study site (59º 50’ 24’’ N, 23º 15’ 37’’ E) was situated in the non-tidal brackish-water 127 
archipelago of the Gulf of Finland, northern Baltic Sea. The experiment was performed in August 128 
2009 at 5 m depth. Salinity at the site was 5.8 while bottom water temperatures varied between 15-129 
19 ºC during the experiment, due to an occasional upwelling of cold bottom water. Sandy sediments 130 
dominated the site that was characterized by an organic matter content of, on average, 1.37 ± 0.44% 131 
(SE), a median grain size distribution (d50) of 0.12 ± 0.01 while the grain size proportion < 63 µm 132 
was 19.88 ± 1.75% (Villnäs et al. 2013).  133 
 134 
2.2 Experiment setup in situ 135 
Dark plastics sheets (1m2) were used to induce hypoxic disturbance at the seafloor (for methods: see 136 
Villnäs et al. 2013). The dark conditions are representative of hypoxic conditions beneath drifting 137 
algal mats, or those introduced by water column stratification beneath the photic zone. The sheets 138 
were kept in place with metal rods, which were secured with 30 cm metal pegs to prevent water 139 
exchange. By preventing water exchange as well as primary production, standardized levels of 140 
hypoxia were introduced. There were five treatments, each replicated four times (total N=20). The 141 
four replicates of each treatment were placed in a block design along four orthogonal 17 m long 142 
transects, so that each block contained one replicate of each treatment. The treatments represented 143 
undisturbed sediments (C; Control), sediment exposed to 30 days of uninterrupted hypoxia (L: 144 
Long), as well as sediments exposed to increasing recurrences of short pulses of hypoxia, i.e., 145 
Repeated 1, 3 and 5 (R1, R3 and R5, respectively). Treatment R1 was exposed to three days of 146 





of short hypoxia (i.e., 3 days) three times for each replicate plot. Between the pulses of hypoxia, 148 
oxic conditions were allowed to re-establish by removing the plastic for four days. For treatment R5 149 
there were five pulses of short hypoxic disturbance (each one again lasting 3 days), in between 150 
which oxic conditions were re-established during four days by removing the plastic. These short, 151 
recurring pulses of hypoxia represent episodic hypoxic conditions that can last from days to months 152 
and are caused by dense, drifting algal mats or by water column stratification during late summer. 153 
Episodic hypoxia is common in this sea area, and pulses of hypoxia are known to recur as weather 154 
conditions change the strength and depth of water column stratification and direct the movement of 155 
algal mats (Norkko et al. 1996b, Conley et al. 2011, Villnäs et al. 2013).  The disturbance was 156 
ended simultaneously for the R1, R3, R5 and L treatment as the plastic was rolled away after the 157 
last hypoxic period. The plastic sheets have been shown to rapidly cause hypoxia; after ca 1.5 days 158 
the bottom water oxygen saturation reach 0.56 mg O2 l-1, while after 3 days, 0.1 mg O2 l-1 has been 159 
measured. After seven days, anoxic conditions (i.e., 0 mg O2 l-1) and hydrogen sulphide (H2S) 160 
formation (3µmol l-1) has been observed (Villnäs et al. 2012).  161 
After the disturbance ended, all treatments were exposed to normoxic conditions. The 162 
number of living bivalves at the sediment surface were counted and their behaviour was observed. 163 
Adult M. balthica were collected from each replicate plot for a reburial experiment (N=20 per 164 
treatment, except for the L treatment where N=10) while bivalves representing the control were 165 
extracted from undisturbed sediments at each transect. Bivalves for biomarker analyses (N=15 per 166 
treatment) were collected in a similar manner. In addition, to quantify the abundance, biomass and 167 
size structure of M. balthica, quantitative samples were obtained with two replicate cores (Ø 6 cm, 168 
depth 15 cm) from each plot. These cores were taken from an area of 504 cm2 that was 169 
subsequently excavated (to ca 30 cm depth), in order to account for any deeper-burrowing bivalves. 170 
All field manipulations and sampling were done using SCUBA.  171 
 172 
2.3 Biomarker analyses  173 
A suite of biomarkers was used to evaluate the stress response on the molecular, biochemical and 174 
physiological levels. Specifically, catalase (CAT), glutathione reductase (GR), glutathione S-175 
transferase (GST), and acetylcholinesterase (AChE) enzyme activities were used. The antioxidant 176 
enzyme CAT is responsible for the transformation of reactive oxygen species, and is expected to 177 
increase its activity under oxidative stress (Regoli and Giuliani 2014). GR and GST are important in 178 





organic xenobiotics (Regoli and Giuliani 2014). Both CAT and GST activities in M. balthica have 180 
shown a positive correlation with near-bottom oxygen saturation (Leiniö and Lehtonen 2005, Barda 181 
et al. 2014). AChE, which is involved in the synaptic transmission of nerve impulses, has also been 182 
considered a useful biomarker of general physiological stress (e.g., Leiniö and Lehtonen 2005, 183 
Turja et al. 2013). After sampling, 15 adult M. balthica (length 13-19 mm) per treatment were 184 
placed in aquaria with normoxic seawater in a cold room, with temperature regulated to correspond 185 
to ambient field conditions. Dissection of these bivalves was performed a couple of hours after the 186 
sampling. The foot tissue of M. balthica was separated for analysis of AChE while the digestive 187 
glands (DG) were obtained for analysis of CAT, GR, and GST. The tissue samples were 188 
immediately frozen at -80°C. 189 
AChE activity. Analyses (5 pooled replicates per treatment) of AChE activity were 190 
carried out as described in Bocquené and Galgani (1998). Pooled samples of foot tissue were 191 
homogenised in 1:2 w/v 0.02 M phosphate buffer (pH 7.0) with 0.1% Triton X. The homogenates 192 
were centrifuged at 10,000  g for 20 min and the resulting supernatants were used for the 193 
measurements. Infinite 200 96-well microplate reader equipped with Magellan software (TECAN) 194 
were used for the spectrophotometric measurement of the Ellman reaction (Ellman et al. 1961). 195 
AChE activity is expressed as equivalents of acetylthiocholine (ACTC) hydrolysed, with 1 O.D. 196 
corresponding the hydrolysis of 75 nmol of ACTC, and expressed per protein concentration of the 197 
foot tissue (nmol ACTC min-1 mg protein-1) measured using the Bradford (1976) method and a BSA 198 
standard. 199 
CAT, GR, and GST activities. The DG samples (15 replicates) were homogenised in 200 
100 mM K-phosphate buffer (pH 7.4) and centrifuged at 10,000  g. The supernatant obtained was 201 
stored at -80ºC until analysis. CAT activity was measured following the method of Claiborne 202 
(1985) as CAT mediated degradation of hydrogen superoxide (H2O2). GR activity determination 203 
was based on the method by Carlberg and Mannervik (1975). GST activity was determined using a 204 
method based on Habig et al. (1974). For more detailed information on final reaction concentrations 205 
and chemicals used, please see Turja et al. (2013). All enzymatic activity rates were measured using 206 
the equipment and software mentioned above and were normalized to protein content of the 207 
digestive gland.  208 
 209 





2.3.1 Integration of biomarker data 211 
The Integrated Biomarker Index (IBR; Beliaeff and Burgeot 2002) is a simple tool based on the 212 
standardisation of the different biomarker values and finally summing up triangular Star Plot areas 213 
calculated for each two neighbouring biomarkers in a given data set. All the four biomarkers 214 
measured here were used for the calculation of the IBR, which represents the average of different 215 
permutations of biomarkers in each treatment. Finally, the index values are given divided by the 216 
number of biomarkers used and is termed as IBR/n (Broeg and Lehtonen 2006). The IBR is not a 217 
statistical analysis but summarizes the response of all individual biomarkers and can thus be useful 218 
for interpreting the overall stress pattern.  219 
 220 
2.4 Behavioural change 221 
Behavioural changes were assessed by observing and counting the number of emerged bivalves at 222 
the sediment surface, and by measuring reburial rates of adult M. balthica in laboratory conditions. 223 
In a temperature-regulated room, 20 bivalves from each treatment (i.e., 5 per replicate plot) were 224 
put into four separate aquaria (35 x 25 x 22 cm), and their reburial rates (in minutes) were 225 
measured. From the L treatment only 10 living M. balthica were found (in total), which were added 226 
to a separate compartment in the aquarium of treatment R5. The aquaria contained 5 cm sediment 227 
(sieved through 1 mm mesh) and water collected from the experiment site, with temperatures (15 228 
ºC) and salinity (5.8) similar to field conditions. Oxygen concentrations were saturated throughout 229 
the reburial experiment.  230 
 231 
2.5 Demographic change 232 
Changes in abundance, biomass and size structure were used to evaluate the disturbance effect on 233 
the M. balthica population. The quantitative benthic samples were sieved (0.2 mm), preserved in 234 
70% ethanol and stained with rose bengal, and a binocular microscope was used for species 235 
identification. All bivalves were measured, and individuals of juvenile (<5 mm) and adult (>5 mm) 236 
M. balthica were separated. M. balthica is fully developed when it reaches ca 2 mm size, but sexual 237 
differentiation rarely occurs in individuals smaller than 5 mm (Caddy 1967, 1969). The weight of 238 
juvenile and adult bivalves in each sample was determined (precision 0.1 mg blotted wet weight, 239 






2.6 Statistical analyses 242 
To detect differences between treatments for biomarkers, permutational ANOVA (PERMANOVA), 243 
with a posteriori pair-wise comparisons was used. Homogeneity of dispersions was evaluated with 244 
the PERMDISP routine. Euclidean distances were used as the resemblance measure, calculated on 245 
square root transformed values if needed to improve dispersion (Anderson et al. 2008). 246 
PERMANOVA was also used for detecting differences in bivalve reburial rates, in size-frequency 247 
distribution, and in the abundance and biomass of adult and juvenile M. balthica between 248 
treatments. In these analyses, the L treatment (exposed to 30 days of uninterrupted hypoxia) was 249 
excluded, as its impoverished population (1% of the control) clearly differed from the other 250 
treatments. The analyses were performed in PERMANOVA+ for Primer (Anderson et al. 2008).  251 
 252 
3. Results 253 
 254 
3.1 Effects on biomarkers 255 
Biomarkers of the antioxidant defence system showed differential responses to increasingly 256 
recurring hypoxia. CAT levels showed no significant differences between the treatments (Table 1) 257 
although inter-individual variability was considerably higher in treatments R5 and L, compared to 258 
R1 and R3 (Fig. 1). The levels of GR increased significantly with recurring hypoxic stress, being 259 
about 1.5 to 2 times as high in treatments R3 and R5 compared to the C and R1 treatments (Fig. 1, 260 
Table 1). In the L treatment the GR activity values were similar to the control level (Fig. 1). 261 
However, some samples in the analysis of GR failed and could not be repeated either, resulting in a 262 
reduction in the number of replicates from the original 15. No significant changes were observed in 263 
the levels of the detoxification enzyme GST (Fig. 1, Table 1). The neurotoxicity/general stress 264 
indicator AChE showed a significant decrease in treatments R1 and R3 compared to the control, but 265 
the levels were again elevated in individuals remaining from treatments R5 and L (Fig. 1, Table 1). 266 
The IBR/n index calculated using all the four biomarkers indicated that, compared to the normoxic 267 
control situation, all hypoxia treatments had a markedly negative effect on M. balthica, indicating 268 
an elevated integrated stress level under these conditions (Fig. 2). 269 
 270 





3.2 Changes in behaviour and in situ observations  272 
No bivalves were observed at the surface of undisturbed control sediments. After 3 days of hypoxic 273 
disturbance (treatment R1), behavioural changes were observed in M. balthica. The siphons were 274 
protruding out of the sediment and adults had emerged to the sediment surface (on average 51 ± 6 275 
std), but they were fast to rebury when the plastics were rolled away and oxic conditions were re-276 
established. The sediment was still brown in colour and only minor black spots were observed. 277 
Increasingly reduced conditions were apparent for the R3, R5 and L treatments, where parts of the 278 
sediment surface was black due to the formation of H2S and precipitation of ferrosulphides. In the 279 
R3 and R5 treatments a large number of bivalves had emerged on the sediment surface (on average 280 
51 ± 11 and 61 ± 19, respectively, Fig. 3). Numerous dead bivalves were observed at the sediment 281 
surface in the L treatment (on average 239 ± 41).  282 
The behavioural changes observed in the field were confirmed in the reburial experiment (Fig. 4). 283 
While 75% of the bivalves in the C treatment reburied during the first half hour, those in the R1, R3 284 
and R5 treatments were significantly slower to rebury compared to the control (Table 1, 285 
PERMANOVA post hoc comparisons p<0.05). The majority of the bivalves in the L treatment did 286 
not rebury at all (Fig. 4).  287 
 288 
3.3 Effects on survival and demography 289 
M. balthica was one of the dominating species in the local benthic community. Juveniles 290 
contributed, on average, to 20% of community abundance in undisturbed sediments, while adult M. 291 
balthica accounted for ca 70% of total benthic biomass. With increasingly recurring hypoxic 292 
disturbance the bivalve abundance decreased, but the biomass values remained high (Fig. 5). The 293 
number of juvenile M. balthica was reduced by 50% in the R3 treatment compared to the control, 294 
but due to high within-treatment variability only the R5 treatment differed significantly from the 295 
control (Fig. 5, Table 1). The biomass of adult M. balthica showed a peculiar pattern since an 296 
increased bivalve biomass was observed in the R1 and R3 treatments compared to the control (Fig. 297 
5). The increased biomass in treatments R1 and R3 could possibly be due to the migration towards 298 
the sediment surface of deep-dwelling bivalves in response to the disturbance. The number of adult 299 
M. balthica in treatment R5 was significantly lower than in control sediments (Fig. 5, Table 1), 300 
while in the L treatment, only a few adult individuals had survived, representing about 1% of the 301 
control population. Changes in the size distribution of the M. balthica population confirmed that 302 





adult individuals were able to survive several pulses of recurring hypoxia (Fig. 6). However, 304 
significant difference in size-frequency distributions was only noted for the R5 treatment compared 305 
to the others (i.e. C, R1, and R3, Table 1, PERMANOVA post hoc p<0.05).  306 
 307 
 308 
4. Discussion 309 
Episodic hypoxia is prevalent in the coastal zone of the Baltic Sea (Conley et al. 2011), but the 310 
capability of benthic species to adapt to, or survive, short, recurring periods of oxygen deficiency 311 
(days-to-weeks) in in situ conditions is currently poorly known. We examined the disturbance 312 
response of a key species, M. balthica, by combining measures of disturbance effects at different 313 
levels of biological organization (physiological, behavioural and demographic) to investigate how 314 
hypoxia affected the bivalve population. Our results show that one pulse of hypoxic disturbance (3 315 
days) results foremost in behavioural alterations, while the demographic structure of the population 316 
remained unaltered. Recurring hypoxic disturbance resulted in physiological (as indicated by 317 
selected biomarker responses) as well as behavioural changes. Recurring hypoxia was observed to 318 
affect juvenile bivalves before adults, while increasingly recurring or pro-longed hypoxic stress 319 
resulted in an increasingly reduced bivalve population. Our results clearly show that hypoxic stress 320 
changes the behaviour and physiology of M. balthica before demographic changes occur, which is 321 
likely to have severe implications for the contribution of this key species to ecosystem functioning 322 
(Villnäs et al. 2012, 2013, Norkko et al. 2013).  323 
Biomarker responses give information on the biochemical and physiological 324 
phenomena underlying the health condition of individuals in a population and the capacity of 325 
protective measures at the cellular level. In the absence of stressful conditions, such as our control 326 
treatment, ROS generated in the cell are effectively neutralized and removed by the antioxidant 327 
defense system (ADS) in healthy animals (Livingstone 2001, Fernandez et al. 2010). Many stress 328 
factors increase ROS production and may overwhelm the antioxidant capacity or decrease the 329 
function of the ADS, leading to excessive ROS formation and oxidative damage to DNA, proteins 330 
and lipids (Livingstone 2001). Adult M. balthica, exposed to one pulse (3 days; R1 treatment) of 331 
hypoxic stress exhibited behavioural change in the form of extended siphons and emergence on 332 
sediment surface, a behaviour that has previously been reported for bivalves exposed to oxygen 333 
deficiency (Diaz and Rosenberg 1995 Gray et al. 2002, Riedel et al. 2008, Levin et al. 2009, Villnäs 334 





indicative of increased ROS formation. Interestingly, Rivera-Ingraham et al. (2013) explored in 336 
laboratory conditions how short-term hypoxia and anoxia (24 to 72 hours; corresponding to our R1 337 
treatment) and subsequent re-oxygenation affected ROS and the condition of the gill and mantle 338 
tissues in intertidal blue mussels, Mytilus edulis. The authors found that ROS concentrations 339 
decreased during anoxic exposure but increased in response to re-oxygenation. Still, the mussels did 340 
not suffer major oxidative stress in the gill and mantle tissues (Rivera-Ingraham et al. 2013). 341 
Unfortunately, this study did not explicitly measure metabolic rate depression (MDR), which is a 342 
common mechanism in organisms to save energy also during hypoxic conditions. MDR leads to a 343 
decreased production of ROS, which subsequently reduces the demand on antioxidant production 344 
and ADS in general (Guppy and Withers 1999, Welker et al. 2013). Interestingly, for the bivalve 345 
Arctica islandica, Philipp et al. (2012) noted suppression in the expression of several stress-related 346 
genes, including some related to metabolism, under hypoxia in a German Bight (North Sea) 347 
population while the opposite (upregulation) was recorded for a Baltic Sea population. The authors 348 
suggested that MDR is not a strategy for the latter population, and bivalves chronically exposed to 349 
high environmental variability (oxygenation, temperature, salinity), e.g. in the Baltic Sea, might 350 
have higher physiological flexibility and ability to withstand stress by exhibiting a pronounced 351 
stress response as a trade-off with a longer life span brought up by MDR. 352 
In contrast to the C and R1 treatments, recurring oxygen deficiency (treatments R3 353 
and R5) resulted in significantly increased GR levels in adult bivalves compared to the control. GR 354 
is an enzyme that catalyses the reduction of glutathione (GSH), a process that activates this critical 355 
molecule to resist oxidative stress. An increase in ROS during hypoxia has been suggested to serve 356 
as a “preparation for oxidative stress” by activating antioxidant enzymes that minimize oxidative 357 
damage during re-oxygenation (Gorokhova et al. 2013, Welker et al. 2013). In the present study, the 358 
measured biochemical responses were mirrored in behavioural changes, as many of the surviving 359 
adult bivalves exposed to repeatedly occurring hypoxia (R3, R5) were found with elongated siphons 360 
and sometimes open valves at the sediment surface. Importantly, since parts of the adult individuals 361 
were removed from the system during the course of the experiment due to predation or death, the 362 
sampled individuals probably represent the more tolerant part of the population. Indeed, in the R5 363 
treatment, only 40% of the adult M. balthica population was still alive. The elevated GR activity in 364 
the R3 and R5 treatments indicated that these individuals were stressed but able to compensate by 365 
active production of GSH. The increased GR activity indicates an elevated requirement for GSH, 366 
which is an indispensable co-factor for a number of defence enzymes as well as an important 367 





recorded in the digestive gland tissue of bivalves experimentally exposed to hypoxia (Khan and 369 
Ringwood 2016), likely induced by an increased production of the molecule by the specific 370 
synthesising enzymes and/or by increased GR activity processing the oxidized GSSG back to the 371 
reduced form. Although GSH/GSSG was not measured in this study, the results indicate that at least 372 
the latter mechanism is apparently functioning in M. balthica from the Baltic Sea. Still, in the R5 373 
treatment, an elevated AChE activity back to the control level indicated that the condition of the 374 
animals had improved; however, this can be due to the fact that the measurements were carried out 375 
in the tolerant, surviving population and the situation could have been different if the measurements 376 
would have been done a bit earlier when ca 60% of the population was approaching a critical 377 
condition and about to die. Indeed, in the L treatment (after 30 days of continuous stress) only about 378 
1% of the adult M. balthica was recorded alive, undoubtedly the most tolerant individuals; in these, 379 
the GR activity had already started to decline, indicating the bell-shape stress response pattern 380 
typical for antioxidant defence system enzymes (Regoli and Giuliani 2014), while AChE activity 381 
was just short of being significantly lower than in the control treatment. In both the R5 and the L 382 
treatment, the increased stress was also reflected in the high variability in CAT activity in the 383 
surviving individuals, but throughout our experiment, levels of GST remained unchanged.  384 
The variable stress response indicate that individuals differ in their tolerance levels 385 
and capacity for surviving hypoxia. However, Jahn and Theede (1997) showed that adult M. 386 
balthica exhibited small differences in lethal time (LT50) in response to oxygen deficiency (8-12 387 
days). In our case, the formation of H2S and ammonia caused additional stress as the hypoxic 388 
disturbance progressed, especially in the R5 and L treatments. H2S is toxic and needs to be 389 
detoxified or excluded from the animal to enable survival. Populations of adult M. balthica have 390 
shown different degrees of H2S tolerance, suggesting that some specimens are able to oxidize H2S 391 
to thiosulphate, a non-toxic compound when oxygen is available (Jahn and Theede 1997). It is also 392 
suggested that H2S can be bound as metal-sulphur precipitations in vesicles in the mantle edge 393 
(Jahn and Theede 1997). It is clear that the ability to handle toxic compounds, which add up as 394 
hypoxia recurs (Villnäs et al. 2013), will determine the capacity for survival at an individual level. 395 
Overall, the IBR index showed that while the adults were already stressed after one pulse of 396 
hypoxia, recurring or prolonged hypoxic stress resulted in a deteriorated health of surviving 397 
individuals. The biochemical response was supported by our observations of behavioural change, 398 
i.e., stretched-out siphons, emergence on sediment surface and slower reburial rates. In accordance 399 
with our observations, Long et al. (2008) observed decreased burial depths of M. balthica within 72 400 





divergence from normal behaviour due to recurring hypoxic stress was confirmed by the gradual 402 
reductions in reburial rates. Similarly to our results, Tallqvist (2001) reported that adult M. balthica 403 
exposed to 13 days of hypoxia in laboratory conditions had both a later and slower burial compared 404 
to undisturbed individuals. The depressed burying depth, along with slow reburial rates will make 405 
these bivalves easily available to predators, such as fish or crustaceans (Norkko and Bonsdorff 406 
1996a, b, Tallqvist 2001, Long et al. 2008, personal observations) which is likely to be an important 407 
factor for structuring the size distribution of bivalve populations exposed to pulses of hypoxic 408 
stress.  409 
Distinct demographic changes were observed as hypoxia progressed. Juvenile bivalves 410 
survived one pulse (3 days) of hypoxia but were then reduced in numbers as hypoxia recurred. In 411 
contrast to our results, Jansson et al. (2015) showed, in laboratory conditions, that young M. 412 
balthica exposed to hypoxic conditions (ca 3.0 mg O2 ml-1) during 29 days exhibited no reductions 413 
in overall activity and had even higher growth and survival rates compared to juveniles exposed to 414 
saturated oxygen concentrations. The improved survival rates were attributed to metabolic 415 
depression (Jansson et al. 2015). On the other hand, Norkko et al. (2005) showed a high mortality of 416 
juveniles of the bivalve Paphies australis exposed to hypoxic conditions (20% saturation) during 10 417 
days, while juvenile bivalves in treatments with oxygen saturation >40% survived. Interestingly, in 418 
such circumstances, food availability had a more pronounced impact on the condition indices, scope 419 
for growth and nucleic acid ratios of the bivalves than did the low oxygen concentrations (Norkko 420 
et al. 2005). A limitation in food ability can be considered as an additional stressor for M. balthica 421 
in this study, as Villnäs et al. (2013) showed that microphytobenthic biomass was gradually 422 
degraded due to the recurring hypoxic stress and dark conditions introduced by the plastic. Indeed, 423 
in our field experiment, the combined effect of stressors (e.g., recurring oxygen deficiency, 424 
production and accumulation of toxic compounds [NH4+, H2S], limitation of food sources as well as 425 
predation) that occur in natural environmental conditions is likely to have a more severe impact on 426 
survival rates than any single variable in isolation, and it is clear that the juveniles had a lower 427 
survival capability than the adults. In line with our observations, Vaquer-Sunyer and Duarte (2008) 428 
found significant ontogenetic shifts in survival time for marine benthic organisms when performing 429 
a meta-analysis identifying their hypoxic thresholds. The authors reported that early stages can have 430 
survival times of 64% compared to those of more developed ones when exposed to median lethal 431 
oxygen concentrations (LC50; Vaquer-Sunyer and Duarte 2008).  432 
In contrast to the juveniles, adult bivalves showed reduced abundance and biomass 433 





R3 treatments compared to the control. However, this pattern is in line with observations of Norkko 435 
and Bonsdorff (1996a) who showed that the biomass of M. balthica was significantly higher in 436 
sediments covered during 3 and 9 days by drifting algae, compared to undisturbed sediments. They 437 
attributed the increased biomass to large bivalves emerging to the surface, initially too deep in the 438 
sediment for sampling. In line with our observations, the bivalve communities in the study above 439 
showed a complete crash in response to prolonged hypoxic stress (23 and 29 days; Norkko and 440 
Bonsdorff 1996a). It is clear that the buffering capacity of the benthic ecosystem to oxygen 441 
deficiency is reduced with recurring hypoxia (expressed as a reduction in available electron 442 
acceptors and sediment bioturbation depth), which increases the susceptibility of the ecosystem to 443 
move towards an anaerobic state (cf. Villnäs et al. 2013). Even though the sediment in our case had 444 
four days to recover between the short pulses of hypoxia, the time was apparently not enough for 445 
the recovery of the bivalve population or sediment biogeochemical conditions.  446 
The recolonization success of M. balthica after disturbance ceases is likely to show 447 
strong size-dependency (Norkko et al. 2001, Villnäs et al. 2011, Norkko et al. 2013). Juvenile M. 448 
balthica are able to recolonize previously hypoxic sediments when conditions improve and food 449 
availability increases (van Colen et al. 2008). Although the juveniles might exhibit an opportunistic 450 
peak in their response, they are among the later successional species (van Colen et al. 2008). 451 
Importantly, adult bivalves are even slower to recover, as their colonization is likely to occur by 452 
random redistribution through sediment transport and resuspension (Norkko and Bonsdorff 1996a). 453 
Norkko et al. (2013) found that the adult fraction of M. balthica failed to recover one year after a 454 
hypoxic event. That the recovery of bivalve populations can take months to years has ramifications 455 
for the functioning of marine ecosystems, as these bivalves significantly contribute to ecosystem 456 
functions and services (Bonsdorff et al. 1995, Michaud et al. 2005, 2006, Norkko et al. 2013).  457 
When M. balthica is exposed to recurring hypoxia, behavioural and physiological 458 
changes (as indicated by biomarkers) precede alterations in population demography, and such 459 
changes can serve as an early warning signal of hypoxic stress. Our results show that as the stress 460 
response increases with recurring hypoxia, additional levels of organization are affected. 461 
Consequently, evaluations of population health would benefit from utilizing a combination of 462 
measures at different levels of organization (e.g. indicators of ROS damage, biomarkers, 463 
behavioural observations and demographic change) so that disturbances to the ecosystem could be 464 
detected at an early stage. This would enable an evaluation of the health, resistance and resilience of 465 
important key species, and hence, of their contribution to ecosystem functioning in a marine 466 
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Table 1. Permutational ANOVA describing differences between treatments of recurring hypoxia. 648 
For measures of reburial rates and demography, the L treatment (30 days of uninterrupted hypoxia) 649 
was excluded from all analyses, as its impoverished (dead) population was clearly different from 650 
the other treatments. Abbreviations: CAT; catalase, GR; glutathione reductase, GST; glutathione S-651 
transferase, AChE; acetylcholinesterase.  652 
 653 
PERMANOVA df     SS     MS Pseudo-F P(perm) 
Biomarkers      
CAT 4 5975,5 1493,9 0,80 0,534 
GST 4 592770,0 148190,0 0,84 0,509 
GR 4 12,9 3,2 7,90 0,000 
AChE 4 1229,7 307,4 3,54 0,013 
Reburial rates 3 460,7 153,6 4,57 0,004 
Demography      
juv. abundance 3 24470,0 8156,7 7,66 0,006 
juv. biomass 3 2,7 0,9 7,66 0,005 
adult abundance 3 179,2 59,7 9,82 0,003 
adult biomass 3 42,2 14,1 5,30 0,016 











Figure 1. Catalase (CAT), glutathione reductase (GR), glutathione S-transferase (GST), and 660 
acetylcholinesterase activity (AChE; avg. ± std) in adult Macoma balthica exposed to increasingly 661 
recurring hypoxic stress. Different letters denote significant (p<0.05) post-hoc differences between 662 
treatments. For acetylcholinesterase, post hoc comparisons between C-R1 and R1-R5 had a p-value 663 







Figure 2. The Integrated Biomarker Index (IBR) represents the sum of standardized biomarker 667 





















Figure 3. Undisturbed seafloor (left) and a sediment exposed to repeatedly occurring hypoxic stress 685 
(right), where the black colour on the sediment is indicative of a precipitation of ferrosulphides 686 
during anoxic conditions. Several bivalves have emerged to the sediment surface and extended their 687 
siphons to escape the hypoxic stress. Photos by Alf Norkko.  688 






Figure 4. Reburial rates of adult Macoma balthica between different treatments. A power trendline 691 
was fit to describe the response pattern in each treatment (R2>0.75, p<0.01). The total number of 692 






















Figure 5. Total abundance (upper graphs) and biomass (lower graphs) per treatment (avg ± SE) of 711 
juvenile and adult Macoma balthica. Note the different scales. Different letters denotes significant 712 















Figure 6. Length distribution of M. balthica in the C, R1, R3 and R5 treatments. The size class of 5 724 
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